Meiotic chromosome segregation leads to the production of haploid germ cells. During meiosis I (MI) the paired homologous chromosomes are separated. Meiosis II (MII) segregation leads to the separation of paired sister chromatids. In the budding yeast, Saccharomyces cerevisiae, both of these divisions take place in a single nucleus, giving rise to the four spored ascus. We have modeled the microtubules in 20 MI and 15 MII spindles using reconstruction 
INTRODUCTION:
Two meiotic divisions reduce the ploidy of diploid cells in half to give rise to germ cells.
The reduction in ploidy during meiosis is accomplished by having two rounds of chromosome segregation without an intervening DNA synthesis phase (reviewed in (Nasmyth, 2001) ). The specialized nature of the meiosis I (MI) division results in the segregation of homologous chromosomes. This segregation event reduces the chromosome number, yet ensures that each MI product has a complete set of chromosomes. Meiosis II (MII) segregation is similar to a mitotic segregation, wherein sister chromatids are separated from each other. Despite the significance of meiotic chromosome segregation and despite the importance and specialization of the MI spindle, little fine structure work has been done on meiotic spindles.
Meiosis has been studied in genetically tractable organisms such as the budding yeast S. cerevisiae (reviewed in (Smith, 2001) ). Like other fungi, yeast packages all of the meiotic products into spores (reviewed in (Byers, 1981) ). The ability to recover all four meiotic products in a tetrad has been the basis of powerful analysis of meiotic functions. Notably, the genetic analysis of homologous chromosome pairing and recombination has led to significant insights into these processes. Genetic analysis of meiotic chromosome segregation has been more limited, but some important features have been revealed (reviewed in (Lee and Amon, 2001; Lee and Amon, 2003; Nasmyth, 2001) ). As expected, genes required for proper function of the mitotic spindle may also be required for the function of meiotic spindles. An example genes of the FEAR pathway (SLK19, SPO12, CDC5, ESP1 and CDC14) that in mitosis help control spindle behavior as cells complete mitosis, and in meiosis co-ordinate the transition from a meiosis I spindle to meiosis II spindles (Stegmeier et al., 2002; Marston et al. 2003; Buonomo et al., 2003) . There are also genes whose function is limited to meiosis, such as MAM1, that give a molecular basis to the unusual attachment of homologous chromosomes to the MI spindle (Toth et al., 2000) . The MAM1 gene product in complex with the CSM1 and LRS4 gene products enforce the monopolar attachment of paired sister chromatids in MI (Rabitsch et al., 2003) . The special nature of the MI spindle function raises a number of questions concerning the structure of these spindles.
Early conventional electron microscopy of yeast meiotic spindles led to a general understanding of meiotic progression from prophase through chromosome segregation to spore formation (reviewed in (Byers, 1981) ). As with mitotic cells, the meiotic spindles consist of microtubules nucleated by the nuclear envelope-embedded organelle, the spindle pole body (SPB). SPBs are duplicated during meiotic prophase and the two resultant SPBs separate to form the MI spindle. After anaphase I, the two SPBs of the MI spindle duplicate to form the four SPBs needed to organize the two MII spindles. Interestingly, all of this occurs in a single nucleus that is not partitioned into four discreet nuclei until spore formation after MII. Spore formation is initiated from the SPBs. During MII the cytoplasmic face of the SPB is modified by the addition of meiosis-specific components that are necessary to begin prospore membrane formation (Knop and Strasser, 2000; Neiman, 1998) . The prospore membranes initiated from each of the four SPBs engulf cytoplasm, part of the nucleus and the SPB with its associated chromosomes. Finally, the spore coats are built on the prospore membranes.
We have examined the microtubule organization in the meiotic spindles in wild type budding yeast using 3D reconstruction from micrographs of serial thin sections of these cells.
We have found that the two types of meiotic spindles can be easily distinguished, with MI spindles occupying a larger volume and containing more microtubules than MII spindles.
Nonetheless, chromosome segregation in both MI and MII appears to be based on a single microtubule attachment to kinetochores as seen in mitosis. Finally, both MI and MII spindles clearly carry out anaphase B (pole-to-pole lengthening) movements, and appear to carry out anaphase A (poleward chromosome movement).
MATERIALS AND METHODS:

Strains and Culture:
All electron microscopy was done on SK-1 background wild-type yeast strain (S2682/S2683) that was supplied by Nancy Hollingsworth (SUNY Stonybrook). Cells were cultured for mitotic growth and induced to enter meiosis as described in (Straight et al., 2000) .
Meiotic progression was assayed by morphological characteristics as described in (Straight et al., 2000) , and cells were harvested for EM after 6, 8, 10 and 12 hours in sporulation media.
Light Microscopy of Meiotic Spindle Lengths:
Fluorescence imaging of meiotic spindles was done with a GFP-Tub1p expressing strain of SK1 (strain YUMY4B1). Cells were induced to sporulate synchronously as described in (Straight et al., 2000) . Live cells were imaged in samples taken at 6, 7, 8, 9 and 10 hours from a sporulating culture at 30°C. MI versus MII spindles were identified by one versus two spindles per cell, respectively. Images were captured using a Leica fluorescence microscope with a motorized stage driven by 3I Slidebook (Denver, CO) imaging software. Images of a field of cells were captured in 3 dimensions using FITC excitation of GFP and a vertical step size of 0.1µm over 25 planes. End-to-end measurements of spindles (41 MI spindles, 56 MII spindles) were performed using the digital ruler function of the Slidebook software on 3D compiled images of fluorescent spindles. For long spindles with significant curvature, measurements were determined by summing a series of 0.1 µm lengths from along the curved spindle. An average of three measurements is reported as the actual spindle length (unpublished observation).
Preparation of Cells for Electron Microscopy and Imaging:
Cells were prepared for electron microscopy as described in (Giddings et al., 2001) . In brief, cells were collected from sporulation media by filtration and the cell paste was rapidly frozen under high pressure in a BAL-TEC HPM-010 High Pressure Freezer (Technotrade International, Manchester, NH). The frozen cell pellet was freeze-substituted into acetone containing 2% osmium tetroxide and 0.1% uranyl acetate at -80 o C, then slowly warmed to room temperature. After substitution and warming, the samples were embedded in Spurr's resin per manufacturer's instructions (Electron Microscopy Sciences, Port Washington, PA).
Blocks of embedded cells were serially sectioned at a thickness of 50 nm and the sections were stained with 2% uranyl acetate in 70% methanol and lead citrate. Sections were viewed on a Philips CM10 electron microscope (Eindoven, The Netherlands), and images were collected with a Gatan BioScan digital camera using the Digital Micrograph software package (Gatan Inc., Pleasanton, CA). Grids mounted in a rotating specimen holder were tilted to angles up to 50 degrees using a goniometer stage to bring the microtubules into near cross-section. Tilt angles were recorded and used for corrections in the construction of models.
3D Reconstruction & Modeling:
The procedure for constructing three-dimensional models of meiotic spindles from the serial micrographs of spindle cross-sections was similar to what has been previously described for mitotic spindles (Winey et al., 1995) and for other microtubule arrays (reviewed in (McDonald et al., 1996) ). The centers of microtubule cross-sections are marked in each section and these data points are connected from section to section to map the trajectory and length of given microtubules resulting in a rough model of the spindles. This modeling and all analyses of the models were done with the IMOD software package (http://bio3d.colorado.edu/imod).
The models of meiotic spindles were processed differently from previous studies because the images were collected and aligned in a slightly different way. In this study, tilting sections during microscopy was not sufficient to bring the majority of microtubules into perfect crosssection in many models. Therefore, a more sophisticated adjustment was needed for section tilt when measuring the lengths of microtubules. Furthermore, images were aligned using cellular features in addition to the microtubules as fiducial marks to preserve the true geometry of the spindle. If only the microtubules were used for alignment, then the spindle would appear to be oriented perpendicular to the Z-axis even though its microtubules were not. Because of these factors, the following steps were used to transform models for viewing and analysis. angles. Under the assumption that the tilting was done in the direction that would reduce the apparent obliqueness of the microtubules by as much as possible, the polarity of the angles was chosen so as to maximize the computed lengths. The Mtlengths program also produced a set of transformations that were used to transform the entire model to the coordinates that it would have had if the sections had been imaged without tilting. These transformed models are even more obliquely oriented than the original model.
Finally, a new program, Resamplemod, was used to rotate the model produced in the previous step so that the spindle length marker was parallel to the Z axis, and then resample the 
RESULTS:
Meiotic Spindle Reconstruction:
Meiotic yeast cells of the SK1 genetic background, capable of synchronous sporulation, were prepared for electron microscopy using high pressure freezing and freeze substitution (HPF/FS) as described in (Giddings et al., 2001) . We have previously shown that this technology yields outstanding results in the preservation of mitotic yeast cells. Similar results are obtained with meiotic cells (Figure 1 and (Straight et al., 2000) ). demonstrate that a given reconstructed spindle was indeed in a meiotic cell, and then to determine whether the spindle was a MI or a MII spindle. Entire serially-sectioned nuclei from each cell were surveyed for two characteristics to determine the meiotic stage of the cell. First, cells with a very large vacuole adjacent to the nucleus were presumed to be in meiosis, and a cell with two spindles was definitely meiotic. Both meiotic divisions in yeast occur in the same nucleus so finding two spindles is indicative not only of meiosis but is also indicative of MII.
The distinction between MI and MII was made by determining the number of spindles in meiotic cells (one spindle for MI and two spindles for MII), and was confirmed by seeing the modified outer (cytoplasmic) plaque of the SPB on MII spindles ( Figure 1 ).
Yeast meiotic spindles have not been well described at either the light microscopic or electron microscopic level. We were interested to know if our dataset of 35 spindles (20 from MI and 15 from MII, Table 1 ) is representative of the total population of meiotic spindles. We 1.5 to 2.0 µm in length during the metaphase to anaphase transition (Winey et al., 1995) . The high frequency of shorter MI and MII spindles (under 3.0 µm) and the dip in the distribution of spindle lengths at 3.0 to 4.5 µm is suggestive that an important transition, likely metaphase to anaphase, is occurring at these spindle lengths. Such spindles are well represented in the datasets collected by electron microscopy, whereas extremely short or very long spindles are underrepresented. Similar to our analysis of mitotic spindles (Winey et al., 1995) , these underrepresented spindles are hard to find and are difficult to model when found (O'Toole et al., 1999) . Nonetheless, we believe that the large dataset of reconstructed meiotic spindles is generally representative with a number of models of spindles at the metaphase to anaphase transition.
Meiotic Spindle Models:
Table 1 lists some basic parameters derived from the 35 wild-type meiotic spindle models including microtubule numbers and spindle lengths. Microtubules are reported as being from one SPB or the other SPB, with some instances of "continuous" microtubules. Microtubules are assigned to one SPB or the other by tracking the individual microtubule in serial sections until it ends at or within one section (approx. 40 nm) of a SPB. The SPB proximal end of the microtubule is considered to be the minus-end such that the end in the nucleoplasm will be the plus-end. All microtubules can be tracked to a SPB, but a few microtubules have both ends close enough to each of the two SPBs that the polarity cannot be determined and these microtubules are called continuous. These microtubules are expected to have a normal plus and minus end, and they are found in MI and MII spindles (Table 1) , as well as mitotic spindles (Winey et al., 1995) . Generally, MI spindles appear to have more microtubules than MII spindles ( Figure 3A ).
MI spindles (up to about 3.14 µm) have an average of 28 +/-6 microtubules per SPB, more than enough to contact each of the sixteen paired homologous chromosomes that are moved to each SPB during MI. MII spindles (less than 3 µm) have an average of 23 +/-3 microtubules per SPB, again more than enough microtubules to contact the sixteen sister chromatids that are moved to each SPB during MII. The greater number of microtubules in MI spindles is reflected in the observation that MI spindles have more total tubulin polymer ( Figure 3B ). Interestingly, the higher level of total microtubule polymer in MI spindles is caused entirely by the increased microtubule number because the mean microtubule lengths in MI and MII spindles are quite similar ( Figure 3C ).
Representative spindle models are shown in Figure 4 , and all 35 models are available with the supplemental data. and 4B, respectively). The models can be rotated around the spindle axis for examination from various angles, and movies of each model are available in the supplemental data. Also shown is a deconstruction of the MII spindle, as described below, to show putative kinetochore microtubules ( Figure 4C ) and the core bundle or central spindle microtubules ( Figure 4D ).
There is also a graph of microtubule overlap ( Figure 4E ) that shows the microtubules from each SPB arranged by length from one SPB or the other (microtubule overlap graphs for all models are with the supplemental data). A schematic of the model points in a spindle cross section is shown to indicate how neighbor density analysis ( Figure 4F ) and spindle volume ( Figure 4G ) are determined, both of which are discussed below. Overall, the IMOD software package (see Materials and Methods) has the tools for the analysis of microtubule arrays that make it possible to quantitatively distinguish between MI and MII spindles, as well as distinguish between different microtubule classes within a spindle.
Distinguishing MI from MII spindles:
As discussed above, MI is a special type of chromosome segregation that separates paired homologous chromosomes instead of separating paired sister chromatids as in MII or in mitosis.
For this reason, we thought that the organization of microtubules in the MI spindle would be unique and would be informative about how these spindles function. The MI spindles have more microtubules than MII spindles, but the difference is not significant enough to distinguish between the two spindle types. However, we observed that MI spindles appear to have several microtubules with trajectories that are at a greater angle from the spindle axis than observed in other yeast spindles (compare Figure 4A and 4B). This gives the MI spindles the appearance that they occupy a larger volume than MII spindles. To develop statistics to describe these aspects of spindle structure, we measured the angle between each microtubule and the spindle axis. The distribution of these angles made it clear that MI spindles contain many more splayed out microtubules with trajectories away from the spindle axis (unpublished observation). This difference is quite apparent when the volume of the spindle is calculated by determining the cross sectional area for each section of spindle (see Figure 4G ), converting the area to a volume by incorporating the section thickness and then summing the section volumes for the entire spindle ( Figure 5 ). The MI spindles occupy significantly more volume at spindle lengths of 2 to 3 µm than do MII spindles of the same length.
Functional Classes of Microtubules:
Beyond identifying microtubule organization in spindles, it is critical to identify the distinct classes of microtubules to understand their function, to decipher mutant phenotypes, and to interpret immuno-localization of components. We are interested in two functional classes:
kinetochore microtubules that attach to the chromosomes and non-kinetochore microtubules that form the central spindle. No structures that could be identified as kinetochores were observed to be associated with MI or MII spindles, so we needed to identify putative kinetochore microtubules via a different method. In the case of mitotic spindles, yeast kinetochore microtubules are among the shortest microtubules in the spindle and show little or no association with microtubules from the other SPB (Winey et al., 1995) . Similar analysis of the central spindle microtubules of the spindle midzone of the MI spindles revealed a similar preferred packing distance between the interdigitated anti-parallel microtubules for some of the longer spindles (unpublished observation). In keeping with the generally disorganized look of the MI spindles, the degree of MI spindle organization was more variable than in MII spindles, particularly in the shorter MI spindles. Further analysis of these interactions aimed at determining if the packing had a particular organization (e.g. square or hexagonal) was inconclusive. Nonetheless, the preferred packing distance can be used for determining the length over which the interacting microtubules pair.
The apparent preferred spacing between anti-parallel microtubules suggested the possibility that one microtubule is paired over a significant interval with an anti-parallel partner.
We determined the distance over which the two microtubules are close to each other, which is called the pairing distance (Winey et al., 1995) . The pairing distances between all potential antiparallel combinations of microtubules were examined in both MI and MII spindles of lengths that likely correspond to metaphase. The microtubule lengths are plotted in a histogram and microtubules with significant anti-parallel interactions are shaded black, whereas microtubules lacking anti-parallel interactions are unshaded (MI, Figure 6C , pairing > 0.2 µm; MII, Figure 6D , pairing > 0.3 µm). This analysis shows that nearly all of the longer microtubules in MII spindles have significant pairing interactions with microtubules from the other SPB consistent with the idea that these microtubules make up the central spindle and are unlikely to interact with the kinetochores. As predicted by the above analysis of relative microtubule length, the shorter microtubules do not have significant anti-parallel interactions (unshaded in Figure 6D ) and are potential kinetochore microtubules. Each MII spindle model contains a sufficient number of kinetochore microtubules to allow for one microtubule per kinetochore. The pairing analysis of MI spindles was less effective at determining which microtubules might be the kinetochore microtubules. The paired microtubules in the MI spindles are the longer microtubules ( Figure   6C ), but there are many longer microtubules that do not show significant pairing interactions leaving open the possibility that they are kinetochore microtubules. If this is so, the number of potential kinetochore microtubules (short and long unpaired microtubules) identified in the shorter MI spindles exceeds the number of kinetochores. However, these excess microtubules show no sign of bundling in a parallel orientation that might indicate kinetochore fibers of greater than one microtubule in MI spindles.
Taken together, these analyses of the spindle models indicate that kinetochores are attached to MI and MII spindles via a single microtubule, as is seen in mitotic spindles (Winey et al., 1995) . In MII spindles, the kinetochore microtubules can be easily distinguished from core spindle microtubules based on pairing interactions. The microtubules in MI spindles are more difficult to separate into functional classes. However, the longer, presumptive anaphase I, spindles do show signs of an organized core spindle. MI spindles contain more than enough unpaired microtubules to have one microtubule for each paired set of sister chromatids with extra, unpaired microtubules, but not enough microtubules to have a microtubule for each chromatid of the paired homologous chromosomes.
Pre-Anaphase Spindles versus Anaphase Spindles:
The identification of spindle microtubules of different functional classes made it possible to explore how these classes of microtubules change as meiotic segregation progresses. We were unable to sample very short spindles to analyze spindle assembly, but we have sampled longer spindles making it possible to address questions about progression from metaphase into anaphase A and B. The analysis of MI and MII spindle models reveals that both meiotic stages feature anaphase B, the separation of the SPBs, wherein the spindles triple or more in length (Table 1, Figure 2 ). As the spindles lengthen, the number of interdigitated central spindle microtubules decline by 35 to 40% in both MI and MII spindles, suggesting that some of the microtubules recruited to form the central spindle are stable whereas other central spindle microtubules are lost as the spindles elongate. The stable microtubules must also elongate at the plus-end to maintain the zone of overlap of the anti-parallel microtubules. For the four longest spindles, these microtubules grow to a mean length that is 57 to 63% of the length of these spindles. These characteristics of meiotic spindles are commonly found in mitotic spindles as well (Winey et al., 1995) .
Anaphase A, movement of the chromosomes towards the SPBs, is not so obvious as (increasing pole-to-pole distance as seen by spindle length). Furthermore, the kinetochore microtubule length in the longer spindles is artificially high because we did not correct for kinetochore microtubules of "zero" length that we cannot detect in serial thin sections (50 nm or shorter in length), but are expected to be there based on electron tomographic analysis of mitotic spindles and spindle pole bodies (O'Toole et al., 1999) . We also expect that these spindles contain very short microtubules because only one short microtubule (less than 1 µm) was detected in the two longest MII spindles. These data indicates that anaphase A occurs in meiosis II.
The 
DISCUSSION:
We report fine structure description and analysis of the microtubule arrays in 35 meiotic spindles in a wild-type yeast strain. The identification of meiotic cells was based on known cytological markers and distinguishing between MI and MII spindles in wild-type cells was straight forward because all yeast meiotic segregation occurs in a single nucleus. While our dataset has representatives for most of the spindle length classes that can be detected by light microscopy, it is lacking in very short spindles. The more complete analysis of mitotic spindles in yeast has included reconstruction from serial thin sections (Winey et al., 1995) , stereo-pair analysis of entire spindles in thick sections (Peterson and Ris, 1976) , and electron tomography (O'Toole et al., 1999) . The analysis presented here based on reconstruction from serial thin sections is the only high resolution, 3D structural information available on yeast meiotic spindles.
The analysis of microtubule numbers and spatial organization in wild type MI and MII spindles revealed features of these spindles that are similar with each other and with mitotic spindles. First, spindle attachment to kinetochores is via a single microtubule in all three spindle types. This inference is made on the basis that no bundling of presumptive kinetochore microtubules is detected in either MI or MII spindles, as previously observed in mitotic spindles (Winey et al., 1995) . This notion is supported by the fact that most half spindles (microtubules from one SPB) in the dataset contain enough microtubules to have one per kinetochore (16) both MI and MII spindles have these two classes of microtubules that were previously reported for mitotic spindles (Winey et al., 1995) .
The identification of the distinct classes of microtubules with their putative functions allows us to begin to model the events of meiotic segregation. As with mitosis in budding yeast, a clear metaphase configuration for the microtubules in MI or MII is not evident. An expectation of metaphase could be a well defined central spindle with kinetochore microtubules of relatively equal length that nearly meet at the spindle midzone, separated only by the paired chromosomes to which they are attached. This is not observed in mitotic cells because of the dynamic "breathing" of centromeric regions of chromosomes that have a bipolar attachment (reviewed in (Winey and O'Toole, 2001) ). We predicted separation of attached kinetochores in mitotic cells based on electron microscopic data similar to what is presented here (Winey et al., 1995) .
Therefore, the failure to observe metaphase in MI or MII leads us to conclude that centromere breathing is likely to occur in both MI and MII as it does in mitosis. Shonn et al. (2003) have reported that the centromeres of homologous chromosomes do separate on meiotic metaphase spindles by using GFP-tagged centromeres. Finally, analysis of plus-end to plus-end distances for presumptive kinetochore microtubules did not yield a satisfying answer for what the extent of kinetochore separation might be (unpublished observation).
Beyond metaphase, both anaphase A and B are detected during MI and MII. Anaphase A is difficult to discern in MI spindles because the function, if any, of the excess, unpaired microtubules is unknown (see below). An alternative hypothesis is that anaphase A does not occur in MI and that the loss of microtubules in these spindles as they elongate is from loss of the excess microtubules. However, the longest MI spindles have too few kinetochore microtubules (less than 16/half spindle) suggesting that some of the kinetochore microtubules have shortened enough as to be undetectable (O'Toole et al., 1999) , therefore constituting anaphase A movement. As in mitosis, anaphase A and B are concurrent in MI and MII. Also similar to mitosis, anaphase B involves increased organization of the core bundle of microtubules along with increased length of those microtubules. Therefore, microtubule shortening of the kinetochore microtubules and of some of the core bundle microtubules, and microtubule lengthening in the central spindle are occurring simultaneously in MI and MII spindles, similar to mitotic spindles. There is little information on how this is achieved, but in mitotic cells it is likely the result of differential plus-end behavior because minus-end flux at the spindle pole body has not been observed in yeast (Maddox et al., 2000) . Finally, we were able to observe the unique situation of having two spindles in a single nucleus, as is the case in MII (reviewed in (Byers, 1981) ). We found that the microtubules from one MII spindle do not interact with the microtubules from the other MII spindle and this is likely achieved by significant separation of the spindles in space.
A major impetus for this study was the supposition that the unique segregation of paired homologous chromosomes by the MI spindle might be reflected in the microtubule organization of these spindles. It is clear from our work that the MI spindle is uniquely organized and quite different from MII or mitotic spindles. However, the odd, somewhat random looking organization of microtubules in the MI spindles raises more questions than it answers about how this spindle functions. Two prominent questions emerge upon inspection of the MI models. The first has to do with the nature of the attachment of the paired homologous chromosomes. If attachment is via a single kinetochore microtubule, as we assert above, how is that accomplished? Each pair of sister chromatids would have two potential kinetochores, such that there would be four kinetochores on the paired homologous chromosomes in a MI spindle, yet only two of the kinetochores capture microtubules. If this is the case, perhaps the "monopolin" complex (Rabitsch et al., 2003; Toth et al., 2000) contributes to silencing one of the two sister kinetochores, which predicts that mutants in MAM1 or the other components would exhibit increased kinetochore attachment including the erroneous bipolar attachment of sisters.
Alternatively, the sister chromatids in the paired homologous chromosomes could have a shared single kinetochore, as observed in Drosophila (Goldstein, 1981) , possibly created by the action of the "monopolin" complex (Rabitsch et al., 2003; Toth et al., 2000) . Because it is difficult to identify kinetochore microtubules in MI and because we cannot recognize kinetochore structures by EM in MI spindles, our analysis cannot resolve the issue.
The second question arising from the models of MI spindles concerns the function, if any, of the additional microtubules in these spindles. mRNA levels for the tubulin genes transcripts do increase during meiosis (Chu et al., 1998) , suggesting that the tubulin pools increase to accommodate the large amount of polymer in MI spindles and to accommodate the two MII spindles. The excess microtubules in the MI spindles are additional in the sense that there are more microtubules than necessary to contact all of the kinetochores and to have a few extra for the formation of the central spindle based on the apparent organizational principles of MII and mitotic spindles. There is no evidence for MI kinetochore fibers of more than one microtubule, which would require more microtubules in the spindles. The excess microtubules may reflect a "search and capture" mechanism that is needed for MI chromosome attachments. Mitotic cells appear to have kinetochore attachments outside of mitosis because nuclear microtubules are always present (reviewed in Winey and O'Toole, 2001) , and it is plausible that kinetochore attachments are maintained during the transition from MI to MII, and during MII. However, the paired homologous chromosomes in meiotic prophase may not be attached requiring capture by microtubules in preparation for MI. This process would be more efficient if more microtubules were "probing" the nucleoplasm for kinetochores to capture, such that the MI spindles end up with the additional microtubules. In keeping with this, centromeres are clustered as cells enter meiosis but are dispersed in prophase (Hayashi et al., 1998; Jin et al., 1998; Trelles-Sticken et al. 1999) . So it may indeed be true that microtubules have to search a greater volume to find kinetochores in meiotic pro-metaphase than in mitosis or MII. This model of MI chromosome attachment that explains the high microtubule numbers might also explain why these spindles are more sensitive to the loss of the spindle assembly checkpoint than MII or mitotic spindles (Shonn et al., 2000; Shonn et al., 2003) . In the latter cases, the existing attachments have to be disrupted to allow one to observe a requirement for the checkpoint. Whereas, the MI attachment would be more like that of a vertebrate cell where there is no attachment and it requires the checkpoint to block mitotic (meiotic, in this case) progression until all of the kinetochores are attached. As such, mutations in the checkpoint would lead to chromosome missegregation in otherwise normal cells as is observed in checkpoint defective (mad1∆ or mad2∆) yeast strains (Shonn et al., 2000; Shonn et al., 2003) .
There is little doubt that much is yet to be learned about the structure, function and regulation of meiotic spindles. This initial structural analysis of meiotic spindles has revealed a number of features that need further mechanistic explanation. Future analysis can also include other high resolution imaging tactics, such as electron tomography, to examine stages of meiotic spindle assembly not revealed in this study. Nonetheless, the data presented here provides a structural foundation for yeast meiotic spindle function that will be useful in interpreting mutant phenotypes and in understanding the localization of components of the meiotic apparatus. Table 1 ). The outermost microtubules are used to define a polygon whose area is the cross sectional area for this section of the spindle. These areas are multiplied by section thickness to determine a volume, and the volumes are summed for all of the sections yielding the spindle volume (see Figure 5 ). Figure 4E in the text. This figure is the microtubule overlap graphs of MI spindles 1 to 6 (see Table 1 ).
Supplemental Figure B -Microtubule overlap graphs of MI spindles 7 to 12 (see Table 1 ).
Supplemental Figure C -Microtubule overlap graphs of MI spindles 13 to 18 (see Table 1 ).
Supplemental Figure D -Microtubule overlap graphs of MII spindles 1 to 6 (see Table 1 ).
Supplemental Figure E -Microtubule overlap graphs of MII spindles 7 to 12 (see Table 1 ).
Supplemental Figure F -Microtubule overlap graphs of the longest spindles, MI spindles 19
and 20, and MII spindles 13 to 15 (see Table 1 ).
SupTable1
.htm -This is the same as Table 1 in the text, but should be opened in a web browser because there are links to movies of datasets and 3D models for each spindle model. The dataset movies show a selection of the spindle cross-section electron micrographs used to track microtubules. These movies also include markers used to track individual microtubules (red triangles for microtubules from one SPB, green circles for microtubules from the other SPB, and blue circles for continuous microtubules; see text for explanation of how microtubules are put into one of these three classes). The movies of the models show the organization of the microtubules in space using the same color scheme as in the datasets. The model movies begin with a static image of the model, followed by the model rotating around the long axis of the spindle.
